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Dear Editor,

The  ability  to  directly  and  precisely  manipulate  native
proteins without altering their underlying genetic code repre-
sents  a  longstanding  unmet  challenge  in  chemical  biology.
While genome editing technologies  have revolutionized biol-
ogy1, 2, a key gap remains: the lack of methods for direct, site-
specific  single  amino  acid  editing  in  endogenous  proteins3.
Existing  protein-level  strategies  —  such  as  split  inteins4, 5 or
chemical  post-translational  modifications6, 7 typically  require
overexpression of exogenous tags and lack true residue-level
specificity.  Here  we  develop  light-induced  Asp(D)-to-Ala(A)
protein  editors  (LIDAPEs)  which  enable  site-specific  residue
transformation  in  living  cells,  and  lay  the  foundation  for  a
new class of chemical biology tools.

The conserved DFG motif is critical for kinase catalytic activ-
ity8, 9 (Supplementary Fig.  S1).  Evidence shows that mutating
the  catalytic  aspartate  to  a  non-acidic  residue,  such  as
alanine,  abolishes  kinase  activity10.  This  inherent  sensitivity
makes kinases a readily tractable substrate for D-to-A single-
residue  editing.  Demonstrating  this  edit  would  provide
compelling  proof  that  native  protein  editing  has  been
achieved with true residue-level precision (Fig. 1a).

In  chemical  terms,  D-to-A  single-residue  editing  proceeds
through  hydrodecarboxylation  of  the  aspartate  side  chain.
However,  selectively  modifying a  single  carbon–carbon bond
within  a  native  protein  is  highly  challenging  as  the  editing
must  discriminate  the  target  side  chain  from  all  other  acidic
groups, particularly the protein’s C-terminus which is intrinsi-
cally more reactive than an aspartate side chain11. Inspired by
natural  enzymatic  systems,  we  turned  to Chlorella  variabilis
fatty acid  photodecarboxylase  (FAP),  an  enzyme  that  effi-
ciently  hydrodecarboxylates  fatty  acids  in  a  light-dependent
manner.  FAP  employs  a  flavin  adenine  dinucleotide  (FAD)
cofactor to  absorb  visible  light  and  drives  the  hydrodecar-
boxylation  process  (Fig. 1b).  Examination  of  its  active  site
reveals  the  sophisticated  nature  of  this  system:  a  pre-orga-
nized  environment  in  which  key  water  molecules  mediate
interactions  between  FAD  and  the  substrate,  thereby
enabling  precise  substrate  positioning  and  efficient  electron
and  proton  transfer  (Fig. 1b,  right  panel)12.  Accordingly,  we
developed  a  LIDAPE  that  integrates  ligand-based  kinase
recognition  (binder)  with  a  light-induced  catalytic  D-to-A
transformation (warhead).

To  realize  the  LIDAPE  system  in  practice,  we  developed  a

new  bio-compatible  system  capable  of  converting  aspartic
acid  derivatives  and  Asp-containing peptides  into  the  corre-
sponding  side-chain  hydrodecarboxylation  products  (Supple-
mentary Fig.  S2a).  We began by screening individual organo-
photocatalysts  (PCs)  for  this  transformation  under  aqueous-
compatible  conditions.  Among  the  catalysts  screened,
riboflavin  (PC-1)  and  1,4-dicyanobenzene  (DCB,  PC-2)
produced only trace amounts of the desired alanine product13.
In contrast, 7-hydroxy-2-oxo-2H-chromene-3-carbonitrile (PC-
3)  afforded  a  5%  yield  (Fig. 1c).  Intriguingly,  the  molecular
scaffold of PC-3 shares pronounced similarity to key pharma-
cophores  found  in  kinase  inhibitors,  which  prompted  us  to
evaluate  a  representative  kinase  inhibitor  core,  PC-4,  as  a
potential  catalyst  (Fig. 1c,  upper  panel).  The  substitution
proved beneficial,  with  PC-4  delivering  a  markedly  improved
yield of 10%.

However,  the  exogenous  base  (1-acetylguanidine)
remained  a  major  limitation  for  protein-level  applications
(Supplementary Table S1, entry 3). To address this constraint,
we  designed  integrated  catalysts  LL-DA-1  and  LL-DA-2  by
appending  a  guanidine  moiety  to  the  PC-4  core,  inspired  by
the FAP system. Both catalysts effectively promoted the reac-
tion,  delivering  21%  and  23%  yields,  respectively.  When
applied  to  a  model  Asp-containing  dipeptide,  these  systems
showed good compatibility  with  the small  peptide,  affording
slightly  improved  conversions  of  25%  and  26%,  respectively.
(Fig. 1c, lower panel).

Next,  based  on  our  interest  in  cyclin-dependent  protein
kinase  (CDK)  modulators14, 15, we  selected  CDK2  for  molecu-
lar  docking  as  it  features  a  well-defined  ATP-binding  pocket
and  a  conserved  DFG  motif.  LL-DA-1  docked  into  the  ATP-
binding  pocket  of  CDK2,  positioning  the  critical  cyano  and
carbonyl  group  in  close  proximity  to  the  target  side  chain
Asp145  residue,  consistent  with  the  potential  to  mediate
selective  hydrodecarboxylation  of  the  target  residue  within
the kinase (Fig. 1c, middle panel).

Given these,  LL-DA-1 and LL-DA-2 were screened against  a
panel of 77 kinases (Supplementary Figs. S3, S4). At 100 μM,
CDK2 emerged as  the top hit,  exhibiting 90–100% inhibition.
We then applied both compounds to site-selective editing of
three  kinases  with  varied  levels  of  inhibition:  CDK2
(90–�100%),  CDK12 (70–80%),  and FGFR2 (50–70%),  targeting
specific aspartate residues. LL-DA-1 outperformed LL-DA-2 in
achieving 17.6% conversion of CDK2 D145 to A145, 2.6% effi-
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ciency at D877 of CDK12, and 0.6% at D644 of FGFR2 (Supple-
mentary  Fig.  S5).  LL-DA-2 demonstrated  lower  editing  effi-
ciency with 3.9% conversion of CDK2 D145A, trace editing of
CDK12 and FGFR2. These results reveal a lack of direct corre-
lation  between  kinase  inhibition  and  editing  efficiency
(Supplementary  Figs.  S3–S5).  Notably,  LL-DA-1  showed  both
higher  inhibition  and  editing  efficiency  for  CDK2  and  CDK12,
whereas for FGFR2, LL-DA-2 exhibited stronger inhibition but
lower editing efficiency. Together, these findings suggest that
even in cases of modest kinase inhibition, targeted editing of
specific aspartate residues is achievable.

Profiling  across  the  CDK2  sequence  after  LL-DA-1  editing
confirmed  its  high  specificity,  as  evidenced  by  tryptic  digest
analysis  followed  by  liquid  chromatography-tandem  mass
spectrometry  (LC-MS/MS).  Among  the  D  and  E  residues
detectable  by LC-MS/MS, only  D127 and E51 exhibited mini-
mal  reactivity  (0.1%)  with  LL-DA-1  (Supplementary  Fig.  S6a).
Importantly,  residues  such  as  D127  and  E12  located  within
the  binding  pocket  remained  largely  unmodified,  and  the
intrinsically  more  reactive  C-terminal  acidic  group  was  also
unaltered.  Further  support  came  from  identification  of  the
edited  peptide  LAAFGLAR,  detected  as  a  doubly  charged
precursor  ion  ([M+2H]2+ at  m/z 409.7478),  exhibiting  a
43.9898 Da  decrease  in  monoisotopic  mass,  consistent  with
the  D145A  substitution  (Supplementary  Fig.  S6b).  Searches
using pFind,  Skyline,  BiopharmFinder,  and  MaxQuant  consis-
tently identified the edited peptide exclusively at D145 with ≤
1%  peptide-level  false  discovery  rate,  confirming  the  high
precision of LIDAPE (Supplementary Fig. S6c).

Given  the  high  editing  efficiency  of  the  LIDAPEs,  we  next
employed  these  catalysts  as  warheads  to  develop  more
potent  CDK2-targeted  LIDAPEs.  Replacement  of  the  methyl
amine  group  with  1-(methylsulfonyl)piperidin-4-amine,  a
CDK2  specific  binder,  yielded  LL-DA-3  and  LL-DA-4  with
enhanced  binding  affinity  toward  CDK2  (Fig. 1c; Supplemen-
tary Figs. S7a and S10). Notably, LL-DA-3 converted CDK2 D145
to A145 with 86.7% efficiency. LL-DA-4 achieved 44.3% (Fig. 1c,
lower  panel).  Then,  we  profiled  editing  across  all  aspartate,
glutamate  residues  and  C-terminal  acidic  groups  in  CDK2.
Editing  was  confined  exclusively  at  D145.  No  other  acidic
residues  were  significantly  modified  (Fig. 1d).  This  level  of
precision  is  unprecedented  for  a  small-molecule-mediated
reaction in a full-length protein.

We  next  evaluated  the  wavelength  compatibility  of  the
LIDAPE.  The  result  showed  that  wavelengths  ranging  from
370 nm  to  405  nm  effectively  induced  high  editing  efficien-
cies, surpassing  70% (Supplementary  Fig.  S7b).  This  observa-
tion  is  consistent  with  the  absorbance  spectra  (Supplemen-
tary  Fig.  S7c).  The  UV–visible  spectrum  of  LL-DA-3  exhibited
an absorption  peak  at  374  nm,  while  its  fluorescence  emis-
sion peak was observed at 410 nm, which closely aligns with
the light source wavelength range (400–405 nm). In addition,
cyclic  voltammetry measurements  revealed a  reduction half-
peak potential (E1/2

red) of −0.728 V (vs Ag/AgCl) for LL-DA-3 in
DMF  (Supplementary  Fig.  S7d).  Based  on  these  results,  the

reduction potential  of  the excited state  (E*1/2
red)  for  LL-DA-3

was  calculated  to  be  2.292  V  (vs  Ag/AgCl,  Supplementary
Table S3), which is significantly more positive than the aspar-
tic acid side chain.

A  key  feature  of  enzymes  is  their  catalytic  capability.  We
asked  whether  LL-DA-3  could  function  catalytically  at  the
protein level.  Editing  efficiency  depended  on  the  concentra-
tion  of  LL-DA-3.  Using  only  1  mol%  of  LL-DA-3  still  yielded
10.9% edited  product.  Further  increases  in  compound  load-
ing led to even higher editing efficiency. This confirmed multi-
ple  turnover  events  (Fig. 1e).  The  reaction  proceeded  in  a
time-dependent  manner  (Fig. 1f)  and  was  compatible  with
physiological  reductants  (Supplementary  Tables  S4  and  S5).
To  mimic  the  binding  of  LL-DA-3  to  CDK2  before  and  after
editing,  Bio-Layer  Interferometry  experiments  were
conducted.  The  results  showed  that  compared  to  wild-type
CDK2,  the  D145A  variant  of  CDK2  had  significantly  weaker
binding to LL-DA-3 and a faster dissociation rate (Supplemen-
tary Fig. S8). This indicated that once editing was completed,
the  compound  preferentially  bound  to  the  unedited  protein
to continue the editing cycle. These results confirmed that LL-
DA-3  acted  catalytically  at  the  protein  level,  demonstrating
superior  performance  compared  to  amino  acid  and  small
peptide systems. The enhanced editing efficiency highlighted
the contribution of stronger protein-compound binding affin-
ity (Supplementary Figs. S9 and S10).

Subsequently,  we  evaluated  LL-DA-3  in  a  live-cell  system.
We expressed Flag-CDK2 in HEK-293T cells.  After  2 hours (h)
of  light  exposure  that  was  preceded  by  LL-DA-3  incubation,
cells  were  lysed  and  CDK2  was  immunoprecipitated.  LC-
MS/MS  analysis  clearly  detected  the  D145A-edited  peptide
with 10.07% efficiency (Fig. 1g), while the treatment induced
detectable  cellular  stress  (Supplementary  Fig.  S11),  these
results provide direct evidence that LL-DA-3 enables selective,
site-specific protein  editing  within  the  intracellular  environ-
ment  and,  importantly,  that  precise  modification  of  a  single
carbon–carbon  bond  can  be  achieved  even  in  a  complex
biological system.

To  understand  the  structural  basis  for  this  efficiency  and
specificity, we solved the co-crystal structures of CDK2 bound
to  LL-DA-3  or  LL-DA-4  (Fig. 1h;  Supplementary  Figs.  S12,  S13
and Table S6). Analysis of both structures reveals that LL-DA-3
and  LL-DA-4  adopt  highly  similar  bonding  modes.  LL-DA-3
occupies  the  ATP-binding  pocket,  where  its  2-aminopyrimi-
dine core forms hydrogen bonds with E83 in the hinge region.
The  guanidinium  group,  positively  charged  at  physiological
pH,  forms  electrostatic  and  hydrogen-bonding  interactions
with  I10,  Q131,  and  K89.  A  detailed  analysis  of  the  crystal
structure  of  CDK2  in  complex  with  LL-DA-3  reveals  that  the
hydrogen  bonding  network  involving  conserved  water
molecules may play a crucial role (Supplementary Fig. S12c).

To  probe  the  hydrodecarboxylation  reaction  within  the
CDK2 active  site,  we  carried  out  quantum  chemical  calcula-
tions  (Fig. 1i;  Supplementary  Fig.  S14).  These  computations
outline  a  photoreaction  pathway  initiated  by  photo-induced

 

Fig. 1    Design and characterization of the LIDAPE platform. a Protein level D-to-A editing. b Structure of CvFAP including the FAD cofactor
and two C18 fatty acid substrates (FA1 and FA2). The structural representation is based on data published by Sorigué et al. (PDB: 6YRU)12. c
Screening  and optimization  of  LIDAPEs  for  efficient  hydrodecarboxylation.  The middle  panel:  docking  model  of  LL-DA-1  (yellow sticks)  and
CDK2. The lower panel: Editing efficiency of LIDAPEs. d The editing efficiency of LL-DA-3 across all D and E sites on CDK2. e Editing efficiency
of LL-DA-3 at varied compound concentrations. f Time-dependent editing efficiency of LL-DA-3 on CDK2. g D145A editing of CDK2 by LL-DA-3.
The edited peptide appeared only in LL-DA-3 samples, while vehicle controls showed none. h Overall view and detailed binding interactions of
the crystal structure of CDK2 binding with LL-DA-3 (pink sticks). All distances are given in Ångstroms. i The possible photoreaction pathways
according to quantum chemistry calculations. j State-of-the-art protein editing approach.
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electron  transfer  facilitated  by  hydrogen-bond rearrange-
ment, particularly  the  movement  of  Wat172.  The rearrange-
ment  promotes  electron  abstraction  and  decarboxylation.
The reaction proceeds via intermediate M1 to a second tran-
sition state (TS2), involving a hydrogen atom transfer from K33
with  a  barrier  of  10.19  kcal/mol,  yielding  intermediate  M2.
The final product state (P) is reached as the system relaxes to
the ground state, with an overall Gibbs free energy change of
+7.13  kcal/mol  relative  to  the  initial  state  (S),  suggesting  a
thermodynamically favorable overall transformation.

In  summary,  we  established  LIDAPE,  a  modular  platform
that  couples  a  light-induced  2-oxo-3-cyano  photocatalytic
warhead with a target-specific binder to enable site-selective
D-to-A  protein  editing  in  complex  biological  settings,  which
theoretically  allows  for  the  selection  of  optimal  warhead-
binder  combinations  (Fig. 1j).  The  efficient  conversion
demonstrated  on  protein  kinases  with  a  well-defined  ATP-
binding pocket,  such as CDK2, validates the feasibility  of  this
platform and provides a preliminary proof of concept. Future
studies may  explore  specific  aspartate  sites  whose  modifica-
tion  leads  to  significant  physiological  or  pathological  effects,
with the potential  to guide impactful biomedical engineering
efforts, including  vaccine  design  and  immunotherapy.  More-
over,  prolonged  exposure  to  short-wavelength  light  may
induce protein oxidation and cellular damage, highlighting the
demand  for  faster-editing,  red-shifted  LIDAPEs  capable  of
dissecting signaling  pathways,  mimicking  pathological  muta-
tions and engineering protein functions.
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